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Introduction 64 The observation that changes in local field potential (LFP) oscillations correlate with the detergent (Decon Contrad 70 Liquid Detergent, Fisher Scientific) and then rinsed in 141 distilled water (Vandecasteele et al. 2012) . 142 SURGICAL PROCEDURES. 143 Surgery and all other animal care and procedures were conducted in accordance with 144 the NIH Guide for the Care and Use of Laboratory Animals and approved by the 145 Institutional Animal Care and Use Committee at the University of Florida. Rats were 146 initially sedated in an induction chamber. Once anesthetized, the rat was transferred to 147 a nose cone. The head was shaved with care taken to avoid the whiskers. The rat was 148 then transferred to the stereotax, gently securing the ear bars and placing the front teeth 149 over the incisor bar. The stereotaxic nose cone was secured, ensuring that the rat was 150 appropriately inhaling the anesthesia. During surgical implantation, the rats were 151 maintained under anesthesia with isoflurane administered at doses ranging from 0.5 to 152 2.5%. Next, ophthalmic ointment was applied and "tanning shades", fabricated out of 153 foil, were placed over but not touching the eyes to minimize direct light exposure. 154 Multiple cycles of skin cleaning, using betadine followed by alcohol was applied prior to 155 the first incision from approximately the forehead to just behind the ears. The remaining 156 fascia was blunt dissected away and bone bleeding was mitigated through application of the craniotomy location. Finally, the craniotomy location was completed, irrigating and 164 managing bleeding as necessary once the bone fragment was removed. Next a portion 165 of the dura was removed, taking care to avoid damaging the vessels and the surface of hippocampus (AP: -3.2 mm, ML: 1.5 relative to bregma, DV: -3.7 to brain surface). 170 Once the probe was in place, the craniotomy was covered with silastic (Kwik-Sil, 171 World Precision Instruments, Sarasota, FL) and then secured to the anchor screws with 172 dental acrylic. Four copper mesh flaps were placed around the probe providing 173 protection as well as acting as a potential Faraday cage. The wires from the reference 174 and ground screws were soldered to the appropriate pins of the connector. Adjacent 175 regions of the coppermesh flaps were soldered together to ensure their electrical 176 continuity and the ground wire soldered to the coppermesh taking care to isolate the 177 reference from contact with the ground. Once the probe was secured, the rat received 178 10cc of sterile saline as well as metacam (1.0 mg/kg) subcutaneously (the non-steroidal 179 anti-inflammatory is also known as meloxicam; Boehringer Ingelheim Vetmedica, Inc., 180 St. Joseph, MO). The rat was placed in a cage and monitored constantly until fully 181 recovered. Over the next 7 days, the rat was monitored to ensure recovery and no 182 behavioral anomalies. Metacam was administered the day following surgery as well. Aurobindo Pharma USA, Inc., Dayton, NJ) were administered in the rat mash for an 185 additional 5 days.
186

NEUROPHYSIOLOGY.
187
Following recovery from surgery, rats were retrained to run unidirectionally on a circle 188 track (outer diameter: 115 cm, inner diameter: 88 cm), receiving food reward at a single 189 location. For rats 530, 544 and 695, data is only analyzed from the circle track 190 conditions. In order to deal with low velocities from the circle track datasets, additional 191 datasets for rats 538 and 539 from running on figure-8 track (112cm wide x 91cm 192 length) were used. In this task, rats were rewarded on successful spatial alternations.
193
Only datasets in which the rats performed more than 85% of trials correctly were used.
194
The local field potential was recorded on a Tucker-Davis Neurophysiology System 
211
Electrode position along the CA1-dentate axis was determined initially via visual 212 inspection of the LFP, followed by traditional current source density analyses (Bragin et 213 al. 1995; Buzsáki et al. 1986; Mitzdorf 1985; Rappelsberger et al. 1981) . Shifts in the 214 phase of theta from stratum oriens to the dentate (Buzsáki et al. 1983; Leung 1984 ; 215 Winson 1978) as well as the regional distribution of currents -triggered on ripples -
216
Figure 1: Using current source density for electrode localization across rats. The left side of the figure is the current source density of the raw LFP triggered on the maximum positive deflection of the filtered theta rhythm, with time normalized to two cycles of the hippocampal theta rhythm. On the right are the individual rat current source density plots for the unfiltered LFP, triggered on the maximum positive going ripple in the pyramidal cell layer (sources are warm colors, sinks are cool colors). In order to identify the layers across each rat, composite images (center) were generated with the output compared to prior publications (Bragin et al., 1995; Sullivan et al., 2011; Buzsaki, 2015) . Both the theta and ripple current source density analyses were calculated during either awake-behavior or rest epochs. To account for differences in hippocampal size, the current source density images were cross-correlated with each other in order to determine appropriate alignment and compression. For the purposes of the current analyses, the oriens (O), pyramidal layer (P), stratum radiatum (R), lacunosum moleculare (LM), molecular layer (M) and upper granule layer (G) were identified. 
218
Power-Power Correlations
219
To investigate the relationship between theta and gamma power, the LFP recordings 220 were down-sampled to 2 kHz and split into 1-s segments. In order to remove epochs 221 with potential noise, an LFP quality control algorithm was applied to remove segments 222 with either 1) too large or too small variance (>3*mean(variance) or 223 <0.1*mean(variance) or 2) with maximum (or minimum) LFP recording has a 10 STD bispectrum can be illustrated as follows. In the instances of "no coupling", three 259 independent waves -ω1, ω2, and ω1 + ω2, will have statisically independent phases relative to each other, resulting in a random phase mixing when estimated over multiple 261 realizations. In these instances, the bispectrum will take a zero value. When three 262 waves are nonlinearly coupled, however, a phase coherence will exist between ω1, ω2, 263 and ω1 + ω2, resulting in a non-zero bispectral value ( Fig. 2 ; Kim et al. 1980) . In order to 
300
Results: 301 For a preliminary measure of laminar differences of local field potential, we 302 calculated the power spectral density in the CA1 oriens (Or.), stratum pyramidale 303 (CA1.pyr), radiatum (CA1.rad), and lacunosum-moleculare (LM) as a function of speed 304 (Fig. 3) . Our observations of the power spectra can be characterized in general as 305 having a power law − α structure. However, unlike previous reports, the spectral slope 306 α is not constant throughout the entire frequency range. Instead, two or more domains 307 with distinct slopes can be identified, most evident in the LM. Using preliminary 308 analyses across layers of the power spectral density, cross-frequency phase-power 309 coherence and bicoherence analyses, these domains formed rather well-defined 310 frequency intervals that can be associated with theta (6-10 Hz) and its harmonics 311 (16Hz, 24Hz, 32Hz, 40Hz and 48Hz; see nonlinear analysis below); gamma (broadly 312 defined here as ~50-120 Hz similar to Bragin et al. 1995) ; and fast oscillations (> 120 313 Hz). Adjacent hippocampal layers also exhibited harmonics of theta, although not as 314 prominent as the LM region. In agreement with previous results (Bragin et al. 1995) , 315 theta and gamma power are higher in the LM than the other CA1 layers.
316
In the 50-120 Hz frequency range, the distribution of power acquires the form of 317 a front of constant slope shifting to the right, toward higher frequencies as running 318 speed increases (inset in Figure 3) . This effect is observed across all layers. While the 319 increase in theta power with velocity is in congruence with models by which theta is . Note that, across all layers, the increases in theta and theta harmonic with speed are associated with an increase in gamma power. Insets show details of the evolution of the gamma range (magnification of gray rectangle area). Spectral shapes in all layers follow a power laws of the type −α . Remarkably, the LM layers exhibits different slopes between the frequency domains that encompass theta and its harmonics and the gamma range. This phenomenon becomes apparent in all regions when comparing all high velocity power spectra across layers (bottom right). Furthermore, as power increases in the gamma range, the spectrum preserves its slope and shifts to the right, creating the appearance of a moving front (inset of LM). Note that, in agreement with prior publications (Bragin et al., 1995) , the CA1 oriens and pyramidal layer exhibit the least energetic gamma range of all the layers examined. exists (Fig. 4) . Across lamina and rats there was a significant relationship between theta 332 power and gamma power with, on average, 16% of the variance in gamma power being 333 explained by theta power (p = 0.04). Interestingly, the correlation coefficients between 334 theta and gamma power significantly differed between hippocampal lamina (F[3,12] = 335 10.21, p = 0.001). In fact, the correlation between theta and gamma power was highest 
344
The slope of the relationship between theta and gamma power provides 345 information regarding the rate at which activity transfers across frequency bands. The 346 slope was significantly different across hippocampal laminae (F[3,12] = 7.52, p = 0.004).
347
The slope was greatest in the CA1.Rad (b = 0.23 where b stands for the slope) and Although there was a significant, positive correlation in between theta and 363 gamma power and power increases with velocity, it may be argued that these results do 364 not fully encompass cross-frequency interactions, let alone demonstrate dependency. 365 Therefore, we investigated the average cross-frequency phase-power coherency (Colgin et al. 2009 ) as a function of velocity. Across layers, gamma power-theta phase 367 coherence increased as a function of velocity (Fig. 5) . As theta transitions from a 368 sinusoidal oscillation to a "saw-tooth" shape with increasing velocity, higher-order the harmonics of theta with velocity as well as between the phase of the 16Hz harmonic 372 and the power of gamma. As the 16Hz is not an independent oscillation from theta, but 373 simply an oscillatory deformation, the interaction between theta and gamma 374 encompasses both the 8hz and 16Hz component. Therefore, in order to quantify the 375 power-phase coherence increase with velocity, the average coherence was calculated 376 for theta phase (8Hz)-gamma power and 16Hz harmonic phase-gamma power.
377
Calculating the difference between the high velocity bin (>35 cm/s) and low (5-15 cm/s) 378 revealed a consistent increase in gamma power and the phase of the theta complex 379 (Fig. 6) .
380
Figure 5:
Example cross-frequency coherence between oscillatory power and oscillatory phase as a function of velocity for the lacunosum-moleculare. Note that, as velocity increases, there are low frequency interactions between theta and its harmonics (sub 40Hz). As harmonics by definition are integer, phase locked components to a fundamental oscillation, and the deformation of theta from sinusoid to sawtooth increases with velocity (Buzsáki et al. 1983; Sheremet et al. 2016; Terrazas et al. 2005 ), this effect is to be expected. Interestingly, there is a notable increase in the coupling between theta phase and gamma power -as well as theta harmonic phase and gamma power-with velocity.
As the power and phase of theta both exhibited a strong effect on gamma 381 power, which increases in magnitude as a function of velocity, it suggests that the two 382 oscillations are in fact part of a unitary process. Rather than the hippocampal spectra 383 being akin to decomposition of an orchestra, with different frequencies attributable to 384 specific, non-interacting instruments, it appears that there is a direct dependency that is 385 analogous to ocean waves in which waves of different length form a cooperative system 386 in which they sustain each other (e.g., Longuet-Higgins 1992). Stated simply, the LFP of 387 the hippocampus reflects a multiscale phenomenon, driven by a flow of energy from low 388 to high frequencies across the spectrum (Buzsaki 2006) . In this energy cascade Figure 6 : Average cross-frequency coherence for theta and the 16Hz theta harmonic phase. By averaging the coherence for these specific phases, there is a considerable change in cross-frequency coherence with velocity. Each subplot shows the individual layers of the hippocampus with yellow as the high, >35 cm/s velocity bin and blue as the 5-15 cm/s bin (Or., oriens; CA1.Pyr, pyramidal layer; CA1.Rad., radiatum; LM, lacunosum-moleculare). The shaded errorbars depict the mean and standard error of the mean (n = 5). Note that in the gamma range, greater than 50Hz, there is both an increase in coherence that is associated with a shift of the maximum value to higher frequencies (see Fig. 3 ). The changes in the low value frequencies, less than 40Hz, are attributed to the higher order harmonics of theta (e.g., 24 and 32Hz; see bicoherence analysis below).
have been recently called into question, due to distortions in filtering and not accounting 393 for harmonic (Scheffer-Teixeira and Tort 2016). As described in the methods, 394 bicoherence has been used extensively to quantify the degree of cross-frequency 395 phase-phase coupling in the LFP, investigating the relationship between a wide band of 396 frequencies and can be implemented to directly identify harmonics. Therefore, we 397 investigated the degree of phase coupling within hippocampal layers as a function of 398 velocity using bicoherence analyses.
399
As previously reported, bispectral estimates of theta and the respective 400 harmonics show significant variability with rat running speed, with limited significant 401 interactions at velocity < 10cm/s (Fig. 7) . In contrast, at higher running speeds (i.e., 402 velocity > 40 cm/s, Fig. 8 ) the bispectral map shows a rich phase-coupling structure. In 403 agreement with the observations of power spectral density evolution (Fig. 3) , strong 404 phase coupling develops between theta (theta frequency θ ≈ 8 Hz) and its harmonics ( Furthermore, the increase of theta power and nonlinearity is accompanied by the 412 development of significant phase coupling between theta and gamma oscillations, 413 related to interaction between rhythms, rather than to nonlinear shape deformation.
414
Theta-gamma coupling covers the entire gamma frequency band (the wide bands 415 located at 50 Hz < 1 < 100 Hz and 2 ≈ 8 Hz). The effect is again strongest in the 416 LM, where interacting triads of the form ( γ , θ , γ + θ ) , and ( γ , 2 θ , γ + 2 ) are 417 obvious, where is a frequency in the gamma band. As the location and magnitude of 418 the bicoherence peaks identify and measure the intensity of cross-phase interactions, 419 the strength of the nonlinear coupling can be quantified by integrating the bicoherence 420 over the region of interest (Fig. 9) . In agreement with the results presented in Sheremet When the quantification of nonlinearity was restricted to the theta (6-32 Hz) and 431 gamma (50-120 Hz) frequency ranges (Fig 7) , there was also a strong effect of velocity interchanging correlation for consequence. Rather, it may not be the frequency of 567 communication that is important, but the total amount of activity into the network.
568
The cascade theory suggests that it is improvident to assign a particular psychological 569 process to a specific frequency for the reason that, in the awake behaving animal, the 570 gamma rhythm is shaped by the activity in the theta band making the two oscillations 571 interdependent. Indisputably, the iterative processing and nonlinearity of neural circuits 572 make it implausible to assign a cause and effect relationship between a cognitive process and a narrow oscillatory band. The local field potential, however, is diagnostic 574 of the underlying interactions, providing information to the experimenter with respect to 575 how the network is predisposed to organize. In fact, synaptic events -contributing the 576 ionic flux that shapes the LFP -have no knowledge with respect to whether they are 577 supporting "gamma" or "theta." Parsing oscillatory frequencies to specific biophysical 578 mechanisms, circuits or behavioral correlations for the purposes of higher-cognition 579 loses relevance if the nervous system does not make the distinction (unless it is done 580 for diagnostic purposes as described in the condition).
581
While assigning certain frequency oscillations may be gratifying to the experimentalist,
582
Fourier decomposition is an analytical tool, far removed from synaptic or circuit 583 dynamics. For example, often it is tempting to construct a power spectra and ask a 584 question regarding deviations away from the 1 α slope (e.g., after whitening). In the 585 current manuscript, we demonstrate that the spectral slope is not constant throughout 586 the entire frequency range, demonstrating a methodological flaw to standard whitening 587 techniques. Moreover, our spectral decomposition revealed 16, 24, 32, 40 Hz and 588 higher harmonics of theta (Sheremet et al. 2016 ). While the decomposition "uncovers" 589 these oscillations, the harmonics are the consequence of a single aggregate process in 590 which theta changes from a sinusoid into a sawtooth with high asymmetry and 591 skewness. Furthermore, there is an associated loss of power between ~1-6 Hz as 592 running speed increases (Fig. 3) . Interestingly, the loss of lower frequency power along 593 with the development of the harmonics suggests that, as the amount of input increases, 594 the initial effect will not necessarily be the entrainment of local circuits at gamma 595 frequency, but increasing the network activity in the theta band This hypothesis is 596 supported by the observation of inhibition dependent theta resonance (Stark et al. 597 2013). When there is little to no input, interneurons that resonant at theta frequency will 598 express incoherent entrainment between 1-6 Hz. As input increases, these neuron 599 begin to resonate, with power redistributing into theta. Finally, as hippocampal activity 600 increases with velocity, the oscillatory energy begins to extend beyond the theta 601 resonance and begins to entrain local circuits at gamma frequency.
602
This theory of energy cascade is not novel. In fact, it shares similarity with the 603 concepts of self-organized criticality (Bak et al. 1987 ). Self-organized criticality was 604 broadly used to describe any system in which there is an inverse correlation between 605 oscillatory power and oscillatory frequency. This concept later found an analogous 606 home in neuroscience, describing both the shape of the power spectra as well as which the brain gives rise to cognition by relating activity through neural circuits.
